This paper summarizes research in which the damage evolution of rectangular concrete-filled steel tube (RCFT) members, connections, and frames, was documented using results from experimental tests from around the world. Two types of damage indices were then defined and used for each type of RCFT component to quantify damage. Based on the quantified values of damage, each local damage level identified for the RCFT members was mapped onto appropriate performance levels including Immediate Occupancy, Life Safety, Near Collapse, and Collapse Prevention, to identify how this information may be used in the context of a performance-based design methodology. The experimental data recorded in the database was also used in developing an analysis model to simulate RCFT beam-columns for use in assessing seismic demand and capacity in RCFT structures. A mixed fiber-based finite element formulation was developed allowing geometrically and materially nonlinear analysis RCFTs and good correlation with the experiments was attained.
INTRODUCTION
Following the 1994 Northridge and 1995 Kobe earthquakes, great progress has been achieved in developing performance-based design guidelines for both steel and concrete structures [ATC 1996; FEMA 2000] . With the introduction of performance-based design (PBD), engineers are able to produce more reliable and economical structures. To realize this objective for composite steel and concrete structures, several research studies have been initiated on PBD of composite members and frames [e.g., Mehanny and Deierlein 2000; Morino et al. 2001; Muhummud 2003; Tort and Hajjar 2003, 2004] . However, much work remains to provide comprehensive information on capacity and demand of composite structures for PBD.
Rectangular concrete-filled tube columns are commonly used in the lateral load resisting frames of both low-rise and high-rise buildings. Due to their superior features of high seismic resistance and economy, rectangular concrete filled tube (RCFT) systems are becoming increasingly popular in composite construction. In this paper, a damage assessment study of RCFT members will be presented. First, an experimental database is introduced documenting worldwide test results on RCFT members. The damage evaluation of the specimens using deformation-based and energy-based damage indices is then discussed. Finally, an analytical model to simulate RCFT members for use in assessing seismic demand and capacity in RCFT frame structures will be introduced. The research study introduced in this paper is the first stage in developing a reliability-based performance-based design methodology of RCFT structures.
DEVELOPMENT OF EXPERIMENTAL DATABASE
PBD requires evaluating the capacity of structures both at the local (member) and global (system) level. The experimental data from worldwide tests provides the necessary information to investigate the local capacity of various types of RCFT members (Tort and Hajjar, 2003, 2004) . The global capacity of RCFT structures will be studied analytically in the future studies.
A total of six databases were prepared to document the data, covering RCFT columns, beamcolumns, panel zones, pinned connections, moment-resisting connections, and frames. Both monotonically-loaded and cyclically-loaded tests were included, using only well-documented tests from the literature. A significant number of specimens were investigated in the column and beam-column databases while fewer specimens were gathered in the other databases: for the six categories listed, the number of monotonically-loaded tests included were 109, 202, 38, 2, 9, and 4, respectively; for cyclically-loaded tests, the number were 3, 59, 0, 39, 0, and 8, respectively. Each database contained information about the test setup, material properties (e.g., yield strength of steel tube, f y , modulus of elasticity of steel, E s , compressive strength of concrete, f' c ), geometric properties (e.g., depth, D, thickness, t), and test results. The tests were described by providing information about the loading scheme and boundary conditions of the specimens. The material and geometric properties were recorded into the database in terms of their both nominal and measured values. For the test results, the load and deformation capacities of the specimens were stored. In addition, the failure modes and the occurrence of local damage states were included, recording their load and deformation values at their times of occurrences.
DAMAGE ASSESSMENT
In PBD, each performance level (e.g., Immediate Occupancy, Life Safety, Near Collapse, and Collapse Prevention) identifies the damaged state of structural components or systems. Performance levels are often well-defined qualitatively. However, they also need to be described in terms of engineering limits such as strength, deformation, and stiffness [Krawinkler 1998 ]. In this research, deformation-based and energy-based damage functions are proposed to define the limit states of RCFT members, where strength and deformation values are used as the operating variables. The damage assessment of the specimens in the database was performed by evaluating damage functions at each local damage level. The quantified values of the damage functions helped to associate the local damage states with the performance levels.
The deformation-based damage function ( D ) is defined as the ratio of the deformation at the occurrence of local damage) (d curr ) to the deflection attained when the peak load is reached (d o ) (with the specific type of load and deflection being assessed varying with the type of test) as given in Equation 1.
The energy-based damage function ( Ê ) is defined as the ratio of the energy absorption at the occurrence of local damage (E curr ) to the total energy absorption at the end of the test (E total ) as given in Equation 2.
The end points of the tests on the load-deflection curves were decided based on the post-peak response characteristics of the specimens. Three different criteria were adopted. If RCFT specimens exhibit a softening or hardening type post-peak response, failure was assumed to occur when the stiffness of the specimens vanishes. An elastic-perfectly plastic loaddeformation response is commonly observed in RCFT tests. In this case, the end of the test is determined based on a limiting deflection value that is taken as 6% drift for the beam-column, connection, and frame tests. If RCFT members exhibit an abrupt failure, the final point on the experimental load-deflection curve is taken as the end of the test.
Equations 1 and 2 were applied to the monotonically loaded specimens in the database. However, the damage evaluation of cyclically loaded specimens was performed by using an adaptation of the energy-based damage function proposed by [Kradzig et al. 1989 ]:
The damage functions provided in Equations 1, 2, and 4 were evaluated at each local damage level observed for the specimens in the database. The quantified values of damage functions were then correlated to the material and geometric properties of the specimens (e.g., D/t, f y , f' c ), resulting in equations to estimate the damage index values, along with associated bounds of applicability of those equations. Equations were also derived to calculate the available ductility of RCFT members and connections based upon regression analyses of the ductility levels seen in the corresponding experiments. As an example, Equation 5 was derived to calculate the ductility, which was defined with respect to yield displacement, of monotonic beam-column specimens (μ) that are fixed at each end, subjected to constant axial compression, and subjected to shear to put the member in double curvature:
where P is the axial compression force; P c is the nominal strength of concrete core; and P o is the nominal strength of composite section. Together, these three types of damage assessment functions can provide a powerful characterization of local damage for PBD of RCFT structures.
For the sake of brevity, in this paper, the damage assessment of monotonically loaded beamcolumns will be presented. [Tort and Hajjar 2003 ] provides the damage assessment study of the remaining type of RCFT members in the database including columns, panel-zones, pinnedconnections, moment resisting connections and frames.
MONOTONICALLY LOADED BEAM-COLUMNS
Monotonically loaded beam-columns were categorized in different groups with respect to the type of loading scheme acting on the specimens. As an example, the damage assessment study of the specimens tested under double curvature, where a constant axial load (P) and monotonically increasing shear load (V) were applied at the member ends will be discussed. The initial occurrences of the common damage levels of compression flange yielding (YCF), tension flange yielding (YTF), local buckling in the flange (LBF), and local buckling in the web (LBW) were detected by direct assessment from the experimental load deflection curves. These damage functions were evaluated using moment (M) and chord rotation (R) as the operating variables. It was not possible to identify the concrete cracking and concrete crushing points from the available experimental data. For example, Equation 6 was proposed to estimate the deformation-based damage index at the occurrence of tension flange yielding. The damage index values were correlated to the parameters of axial load ratio (P/P o ) and steel tube ratio (P s /P o ).
(6)
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where d ty is the deformation at yielding of the tension flange; and P s is the nominal strength of steel tube. An energy-based function, , was similarly derived; in Figure 2 , the variation total ty /E E of with respect to the parameter D/t shows that as the contribution of concrete to the structural response increases (i.e., high D/t or, equivalently, low P total ty /E E s /P o ), the concrete core take a larger share from the applied loading. Therefore, tension flange yielding is delayed and increases. It is also evident from Figure 2 that higher axial load values (i.e., high ) delay tension flange yielding and cause values to get larger. In Figure 2 , the available ductility of the specimens was also identified. The ductility of the specimens was found to be satisfactory, indicating a stable post-peak response for all the specimens and identifying the reserve strength of RCFT beam-columns relative to the occurrences of the damage levels as identified by the damage indices. Similar equations to estimate damage index values were proposed for the remaining local damage levels of monotonically loaded beam-columns. The equations of both the deformation-based and energy-based damage indices can be found in 
PARAMETRIC STUDY
A parametric study was conducted to investigate the range of damage index values that can be attained at each local damage level. This parametric study also helped to compare the relative occurrence time of the local damage levels with respect to each other. Multiple RCFT specimens were generated based on the limiting geometric and material properties of the damage index equations such as those given in Table 1 . Then, for each specimen, the damage index values were evaluated and plotted on the same graph. This was performed for both deformation-based and energy-based damage functions.
For example, for monotonically loaded RCFT beam-columns, a total number of 16 specimens were generated by varying the structural parameters of D/t, L/D, f' c and f y . In Figure 3 , the result of the parametric study for the energy-based damage index of monotonically loaded RCFT beam-columns can be seen. Both damage index values and ductility values are evaluated. It is found that local buckling of the steel tube web is often expected to be the latest damage level to be observed in the loading history. On the other hand, yielding of the steel tube flange either in compression or tension is the earliest damage level to take place. From Figure 3 , it can also be noted that the ductility of the specimens are affected severely from the sequence of local buckling of the compression flange versus yielding of the tension flange. Based on the ranges of the damage index values in Figure 3 , it is possible to correlate the local damage states into performance levels. For example, local buckling of the steel tube web often has damage index values between 0.30 and 0.45, which correspond to life safety performance level (Mehanny and Deierlein, 2000) .
ANALYTICAL MODELING
A finite element formulation was developed having the capability of analyzing composite frames composed of steel girders framing into RCFT columns. The analysis model is appropriate to perform both geometrically and materially nonlinear analysis and in future work it will be used to conduct demand and capacity assessments of RCFT frames for PBD. The formulation is geared specifically for being able to detect local damage states (such as those discussed in the prior section) in the context of conducting three-dimensional transient dynamic analysis of complete composite RCFT structures subjected to seismic loading.
A 3D RCFT beam-column finite element formulation was adopted following the work by [Hajjar et al. 1998 ]. The element stiffness matrices were derived in a corotational frame by expanding the virtual work equilibrium equation. In the virtual work equilibrium equation, the steel and concrete degrees of freedom were separated so that the slip between the steel tube and concrete core was accounted for. This resulted in an eighteen degree-of-freedom beam-column element, which has separate concrete and steel translational degrees-of-freedom. The steel tube and concrete core were assumed to have the same rotational degrees-of-freedom. In addition, the shear translational degrees of freedom were forced to be same through penalty functions. Therefore, differential movement between steel tube and concrete core is allowed only in the axial direction. Hajjar et al. [1998] employed a distributed plasticity approach to simulate material nonlinearity. The element ends are discretized into individual steel and concrete fibers and plasticity of each fiber is monitored throughout the analysis. The inelasticity along the element length is modeled by finite element interpolation functions.
In this research, the finite element formulation of [Hajjar et al. 1998 ] was augmented by adopting a mixed finite element-based state determination procedure [Alemdar 2001; Nukala and White 2004] . In the formulation, the displacement and force fields along the element length are interpolated independently; using exact variations of internal forces, a better coarse mesh accuracy is achieved than equivalent displacement-based formulations. In addition, the exact variation of moments provides an improved representation of curvature along the inelastic length of the element [Alemdar 2001] . Following the two field Hellinger-Reissner principle, the element compatibility and equilibrium equations given in Equations 7 and 8, respectively, are solved together to derive the internal force vector. The force recovery algorithm involves two sub-iterations within each global Newton-Raphson iteration. In the sub-iterations, the nonlinear constitutive equation at the section level and the compatibility equation at the element level are satisfied:
where is the independent assumed generalized stress resultant vector at configuration C2 (current configuration) with reference to C1 (the last converged configuration); is the generalized stress resultant vector of the steel-concrete interface at configuration C2 with reference to C1; is the compatible generalized strain vector at configuration C2 with reference to C1; is the compatible generalized vector of the steel and concrete interface at configuration C2 with reference to C1; is the generalized strain vector derived from the assumed stress resultants at configuration C2 with reference to C1; is the nodal displacement vector at configuration C2 with reference to C1; and is the external nodal load vector at configuration C2 with reference to C1. The material inelasticity was modeled by developing uniaxial cyclic stress-strain relations for the steel tube and concrete core. The concrete material model was adapted from [Chang and Mander 1994] and the steel material model was adapted from [Mizuno et al. 1992] , with modifications as discussed below. 
CONCRETE CONSTITUTIVE FORMULATION
The cyclic response of concrete was simulated through a set of polynomial equations relating strain and stress. In prior uniaxial compression tests performed on short plain concrete columns and cylinders, the cyclic stress-strain response of plain concrete was found to have three families of curves [Chang and Mander 1994] : envelope curves, unloading curves, and reloading curves [Sinha et al. 1964; Karsan and Jirsa 1969] . The envelope curve describes the boundary encompassing the unloading and reloading curves. The envelope curve is commonly represented with the stress-strain curve obtained from monotonic tests. The unloading branch of concrete usually follows a concave nonlinear curve that has a high stiffness at the beginning and becomes flattened as the stress level decreases. The reloading branch exhibits a more complicated shape that is close to double curvature in character.
The envelope curve of concrete in compression was assumed to have a nonlinear ascending region until the attainment of compressive strength of concrete. The pre-peak response of concrete is followed by a linear strength degradation region. At high levels of strain, the strength of concrete was assumed to retain a constant stress. In axially-loaded RCFT column tests, a number of researchers [e.g., Furlong 1967; Inai and Sakino 1996] have reported that the steel tube and concrete core typically carry load independently from each other until the peak strength is reached. In this research, the plain concrete model by Collins and Mitchell [1991] is employed to simulate the pre-peak response of concrete. No enhancement in concrete strength was assumed due to confinement [Hajjar et al. 1998 ]. The post-peak response of concrete is characterized by the slope of the strength degradation region (K c ) and the residual strength of concrete at the high strain levels (f rc ). Equations 9 and 10 were derived to estimate K c and f rc based on analytical and experimental research on axially loaded RCFT columns by Sakino and Yuping [1994] The unloading and reloading curves were kept the same as proposed by [Chang and Mander, 1994] . The tensile response of concrete was also modeled in this work. It was assumed that when subjected to tensile loads, the concrete exhibits an ascending behavior until the peak tensile strength is reached, followed by a softening region. Chang and Mander [1994] recommended using the equation by [Tsai 1988 ] to simulate the tensile response of concrete; this equation was be used in this research.
STEEL CONSTITUTIVE FORMULATION
A uniaxial bounding surface model by [Mizuno at el. 1992 ] was implemented to model the stress-strain response of cold-formed steel tubes of RCFT members. In the bounding surface model, an outer bounding surface and an inner loading surface were defined. The bounding surface was introduced to simulate the experimental observation that the plastic modulus attains a limiting value at the end of the tests. The loading surface represents the boundary between elastic and plastic states of the material. Mizuno at el. [1992] proposed their bounding surface model based on coupon tests results of hot-rolled sections. However, cold-formed sections have salient features different than hot-rolled sections, such as insignificant strain hardening, as well as local buckling. In the current steel constitutive model, a linear elastic stress-strain response was assumed to be followed by a constant strength region. If local buckling of the steel tube takes place, a linear strength degradation region was adopted. In addition, similar to the post-peak response of concrete, at high strain levels the steel tube was assumed to preserve a constant stress value (f rs ). The strain level at initiation of local buckling is calculated from Equation 11 based on axially loaded column tests from the RCFT experimental database [Tort and Hajjar 2003 ]. The R 2 of Equation 11 was found as 0.61:
The stress-strain response of the steel tube after local buckling is characterized by the slope of the strength degradation region (K s ) and the residual stress at high strain range (f rs ). The parameters K s and f rs were determined by conducting a calibration study for axially loaded RCFT column specimens in the experimental database. In the calibration study, several specimens with comprehensive ranges of material strengths and geometric properties were selected. Superimposing the concrete and steel models, the load deflection curves of the specimens were reproduced. K s and f rs were varied until the error between the computational and experimental load deflection curves minimizes. From the calibrated values of the parameters, Equations 12 and 13 were derived to estimate K s and f rs . The values of R 2 for Equation 12 and 13 were found to be 0.85 and 0.64, respectively.
The proposed force recovery algorithm and material models were implemented in a general purpose finite element program [Hajjar et al. 1998 ] and verified against worldwide test results. As an example, the eccentrically loaded RCFT beam-column specimens tested by [Bridge, 1976; Shakir-Khalil and Zeghiche, 1989; Cederwall et al., 1990] were analyzed; the analysis accurately reproduced the experimental results as can be seen from Figure 4 [Specimens 1, 1 * , 2, 7, 10, and 13 have values, respectively, of D/t (depth/thickness) = 24, 20, 24, 24, 15, 15; L/D (length/depth) = 27, 10, 23, 23, 27, 27; f ' c = 6.8, 4.3, 5.8, 6.4, 5.6, 11.6 ksi; f y = 44, 42, 56, 52, 55, 53 ksi] . Further verification studies of RCFT specimens tested under non-proportional as well as cyclic loading is ongoing.
SUMMARY AND CONCLUSIONS
In this paper a damage assessment study towards developing performance-based design guidelines of RCFT members was presented. Experimental tests from the literature collected in a database and damage evolution of the specimens in the database were investigated though damage functions. Based on the ranges of damage index values attained at the occurrence of local damage levels, the local damage states observed during the tests were mapped onto various performance levels. The experimental data collected in the database were also utilized to develop an analysis model to be uses in demand and capacity assessment of RCFT frames. Based on the observations in this research study, the following conclusions were drawn:
1. Both deformation and energy measures developed in this work provided an efficient and comprehensive way to quantify the local damage of RCFT members and connections.
2. The local damage levels of RCFT beam-columns exhibited distinct interactions with each other, which can be attributed to the composite action between the steel tube and concrete core. In the proposed damage index equations, the composite action in RCFT beamcolumns was accounted for by correlating the damage levels to the non-dimensional parameters (e.g., D/t, P s /P o , P c /P o ) representing the degree of interaction between the steel tube and concrete core. [0.20-0.50; 3.0; 23.5-45.4; 20.5-22.1; 290.4-315.9; 0.26-0.43] [0.20-0.30; 3.0; 23.5-45.4; 20.5-22.1; 290.4-315.9; 0.26-0.43] [5; 0.59; 0.35; 0.080] 
